Introduction
Green fluorescent protein (GFP) and its homologs from jellyfishes, anthozoans, and copepods represent a unique protein family capable of self-catalyzed formation of a chromogenic group within the protein globule. GFP-like proteins become fluorescent or colored after protein translation, requiring no external enzymes or cofactors except molecular oxygen. Perhaps, 99% of GFP-related works utilize fluorescent protein markers allowing in vivo visualization of diverse cellular processes (1) . In particular, photobleaching of a fluorescent protein fused to a protein of interest is a widely used technique for studies of protein mobility by tracking the photobleached and nonphotobleached protein exchange rate (2) .
A few years ago, several laboratories in the world (including ours) began to work on the development of light-controlled fluorescent proteins, whose spectral properties can be directly changed by a pulse of light. Of course, fluorescence that can be switched on by light represents the strongest practical interest. A number of so-called photoactivatable fluorescent proteins (PAFP) capable of a marked increase in fluorescence brightness in response to irradiation with light of specific wavelength and intensity were developed (3) ( Table 1) .
PAFPs allow one to photolabel and track the movement of living cells, organelles, and intracellular molecules. Probably the most productive use of PAFPs is tracking of the redistribution of fusion protein(s) of interest. Here, a protein of interest, tagged with a PAFP, can be precisely photolabeled and tracked in a spatially and temporally controlled manner. By timing the motion, one could determine rates and preferred directions of protein movement inside living cells. The approach can be widely applied to estimate protein movement rates and to compare these rates as cells respond to various stimuli. PAFPs can also be targeted to particular organelles, to measure and compare the rates of protein movement in various compartments. They also allow one to study protein exchange between compartments, as well as fission and fusion of organelles. Fusion of membrane-associated proteins or short peptides with PAFPs allows researchers to study their lateral diffusion in, and the viscosity of, membranes.
A number of novel techniques have been developed using PAFPs for precise cellular studies. These include: (i) monitoring of protein turnover by tracking of degradation of the irreversibly photoactivated protein (4); (ii) monitoring of dynamic protein interactions with photoquenching fluorescence resonance energy transfer (FRET) (5); (iii) fast Photoactivatable fluorescent proteins are capable of dramatic changes in fluorescent properties in response to specific light irradiation. For example, they can be converted from cyan to green, or from green to red, or from nonfluorescent to a brightly fluorescent state. Several types of such proteins were developed recently, and some of them are already becoming popular tools to study protein mobility. Here we provide detailed recommendations on application of the monomeric green-to-red photoconvertible fluorescent protein Dendra2 for protein tracking in living cultured cells. In these proteins, the chromophore initially exists exclusively in a neutral state with an absorption maximum at about 400 nm. These initial forms are fluorescent, and excitation by a weak 400 nm light can be used for the preliminary visualization of PA-GFP (green emission peaked at 515 nm), PS-CFP, and PS-CFP2 (cyan emission peaked at 468 nm). Irradiation with more intense UV or violet light (350-420 nm) leads to the irreversible chromophore transition from a neutral to an anionic state, which results from light-driven decarboxylation of an inner glutamate residue (Glu222) (11) . This transition is associated with 100-to 400-fold increase in absorption-excitation peak at about 500 nm, with green emission at about 515 nm. Compared to PA-GFP, PS-CFP2 provides easier primary visualization and higher photoactivation contrast.
The second PAFP type includes Anthozoa-derived greento-red convertible proteins and their enhanced variants. In the dark, these proteins mature (fold and form chromophore) up to the green fluorescent state, while irradiation with UV-violet light results in their irreversible transition into a red fluorescent state. The first member of this group was named Kaede (12) . Later, EosFP and mEosFP (13), KikGR (14) , Dendra (15) , and its enhanced variant Dendra2 (Evrogen) were developed. These PAFPs are characterized with high contrasting ratiometric photoswitching (i.e., expressed increase of the red fluorescent signal is accompanied by an expressed decrease of the green fluorescence) and allow reliable visualization of the initial (nonactivated) protein form and tracking of both forms' redistribution after the activation. (3, 27) . Solutions of crystal structures (27, 28) and biophysical studies (29, 30) should help reveal the basis for this phenomenon.
As with other common fluorescent proteins, the oligomeric state of many PAFPs restricts the range of their applications. In most cases, attempts to use tetrameric GFP-like proteins to label cellular proteins result in disturbance of the studied protein's function, mislocalization, and aggregation effects. Only monomeric PAFPs: PA-GFP, PS-CFP, PS-CFP2, mEosFP, Dendra, Dendra2, and Dronpa are widely suitable for the labeling and tracking of the target proteins. Oligomeric PAFPs, such as Kaede, KikGR, EosFP, and KFP1 can be utilized mainly for photolabeling organelles and cells. 
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Tech Insight
Dendra2: a Monomeric Green-to-Red Photoconvertible Protein
In the present paper, we are focusing on the detailed description of Dendra2-an improved commercially available version of green-to-red convertible protein Dendra. Compared to Dendra, Dendra2 comprises a single A224V substitution, which leads to more complete maturation (chromophore formation) and a brighter fluorescence both before and after photoswitching. In contrast to all other monomeric PAFPs, which necessarily require UV-violet (e.g., 405 nm laser) light for activation, Dendra and Dendra2 permit the use of blue (e.g., 488 nm laser) activating light.
The key desirable properties of any fluorescent protein are: bright fluorescence, monomeric nature (making it suitable for fusion protein labeling), fast maturation (important for early signal detection and for overall brightness in a cell, which is dependent on the balance between protein maturation and turnover rate), high photostability (allowing prolonged and/or high intensity excitation for the visualization of minor amounts of the protein and for time series), and high pH stability (making the fluorescent signal independent of local pH changes and allowing targeting of the protein to acidic organelles without signal loss).
Among the photoactivatable proteins, Dendra2 provides a unique combination of advantageous properties: monomeric state suitable for protein labeling, fast and efficient maturation at 37°C in mammalian cells, high contrast photoconversion, bright fluorescence of both initial and photoactivated forms, high photostability of the activated red signal, and low phototoxic activation with the 488-nm laser commonly installed on all commercial confocal microscopes. The minor disadvantage that should be kept in mind is a relatively low pH stability of the activated red form (with a pKa, i.e., the pH at which fluorescence is 50% of maximal, being 6.9). Here we provide some practical recommendations concerning applications of Dendra2 for tracking proteins of interest.
Primary Visualization of Dendra2
Nonactivated Dendra2 possesses excitation-emission maxima at 490 and 507 nm ( Figure 1A) . Therefore, the 488-nm laser line perfectly fits the excitation maximum ensuring easy detection of the green signal using confocal microscopes. Commonly used fluorescence filter sets for enhanced GFP (EGFP), fluorscein isocytothiocynate (FITC), and other green dyes are well suited to visualize Dendra2's green state. However, wide-field arc lamp excitation with a blue light can cause undesirable photoconversion of the whole visualized field and therefore should be very accurately applied for the preliminary visualization of Dendra2. Therefore, we recommend using strongly attenuated light from a mercury lamp and avoiding prolonged exposure of Dendra2-expressing cells.
Optimally, we recommend using confocal scanning with 488 nm excitation light for the visualization of nonphotoconverted Dendra2. Short pixel dwelling time (the time the laser spends at every point) in the course of commonly applied medium speed scanning (400-800 Hz) by a 488-nm laser line excitation results in zero or negligible photoactivation. In a confocal mode, a low-intensity (0.1%-3% power) 488-nm laser should be used to excite the green fluorescent form (detection at 500-550 nm). A control image in the red channel (excitation by 543-nm laser, detection at 550-670 nm) shows a red signal, which should be close to zero level, before photoactivation. Ideally, you should obtain a clear cell image in the green channel and no signal above background in the red channel. If you see the same pattern for green and red fluorescence in the cell(s) of interest, this indicates that Dendra2 photoconversion has already occurred during the primary visualization. In this case, you should change the field of view using continuous scanning with 488-nm laser, to find Dendra2-expressing cells non-irradiated with a mercury lamp.
Photoactivation of Dendra2
The nonactivated Dendra2 absorption spectrum possesses peaks at 386 and 490 nm corresponding to neutral and anionic GFP-like chromophore states ( Figure 1B ). Excitation at the shorter wavelength peak (e.g., 405-nm laser) This photoconversion appears to be a complex photochemical process, presumably requiring sequential absorption of two photons during some short time interval (15) . Thus, the key features of the activating blue light are its intensity and continuity. Only continuous light of sufficient intensity can induce green to red conversion. At the same time, too strong irradiation may lead to bleaching of newly formed red fluorophores. In our experience, a mercury lamp (FITC filter set or similar) represents an efficient blue light source for Dendra2 photoconversion. In a confocal mode, two parameters of the 488-nm laser line are crucial: power and dwell time per pixel (the time that the laser spends at every point). An experimenter should vary these parameters and select optimal conditions for each experimental setup. The most efficient photoconversion occurs in a point bleach mode, when the laser beam stands still at a single pixel for some period of time (50-500 ms). For effective photoconversion in a scanning mode, we strongly recommend using a slow scan zoom mode to apply light onto a chosen cell region.
Tracking Dendra2 After Activation
Activated Dendra2 possesses excitation-emission maxima at 553 and 573 nm, respectively. In a confocal mode, the red fluorescent signal can be acquired using 532-, 543-, 561-, or 568-nm excitation laser lines and detected at 550(570)-670 nm. For fast tracking (within the first several seconds after photoconversion), one should immediately start a time series of images to provide information on migration of the red Dendra2 from the region of activation. Since green fluorescence of Dendra2 decreases significantly upon its photoconversion to the red fluorescent form, one can follow migration of nonactivated green fluorescent Dendra2 into the region of activation (similarly to the photobleaching techniques). However, it is important, for such tracking, that a significant portion of the protein should be photoswitched from green to the red fluorescent form to allow monitoring of the green form redistribution.
Preferably, red and green signals from Dendra2 (as well as from any Kaede-like PAFP) should be collected separately, or in a sequential mode, for the clear separation of the two signals, because of the minor emission crosstalk of green fluorescence into the red channel. However, for fast dualcolor monitoring of both signals, simultaneous visualization mode can be used as well, using excitation with 488-nm and, for example, 561-nm laser lines.
The time interval between the images should be selected depending on the speed of the target protein movement. Based on the proposed rate of protein redistribution, or on the preliminary data concerning this rate, the frequency of image acquisition within a time series should be reduced as much possible. Indeed, for long time series, too often image acquisition will require many images to be captured, leading to undesirable photobleaching of the photoactivated protein. Generally, 10-30 consecutive images are enough to measure protein mobility and at the same time to avoid undesirable photobleaching/photoconversion effects during visualization.
Examples of Dendra2 Tracking
Here we provide examples of photoactivation and tracking of Dendra2 using different laser scanning confocal microscopes. . Analysis of red signal within the nonactivated nucleolus showed that Dendra2-fibrillarin easily migrates through the nucleolus with a rate comparable to that in the nucleoplasm. So, Dendra2-fibrillarin accumulation occurred first at the side closest to the activated nucleolus (ROI 4), then in the central part (ROI 5), then at the opposite side (ROI 6), but not first at the periphery, then in the central part (as it could be expected). Apparently, such detailed information about migration of fibrillarin in nucleus cannot be obtained in a single experiment using classical approaches based on photobleaching. 
